Abstract. The theory by Cross and Fisher (CF) is by now commonly accepted for the description of the spin-Peierls transition within an adiabatic approach, involving however a continuum approximation for the relevant response function. Using density matrix renormalization group (DMRG) techniques we are able to treat the spin system on the lattice exactly up to numerical inaccuracies. Thus we find the correct dependence of the equation of state on the spin-spin interaction constant which in the CF theory drops out completely. With respect to CuGeO3 we focus on the pressure dependence of the critical temperature and analyze the ratio of the spectral gap and the transition temperature.
Introduction
Low dimensional quantum systems are currently of considerable interest mainly due to the fascinating phase transitions driven by strong quantum fluctuations. The continuous interest from the theoretical side is provoked by the discovery of many experimental systems realizing quasi one-dimensional quantum systems. In the field of spin-Peierls systems the discovery of the inorganic compound CuGeO 3 realized a milestone as many measurements have been performed with high accuracy since. Therefore, CuGeO 3 has attracted much attention in experimental as well as in theoretical works. The high temperature behaviour of CuGeO 3 was found to be modelled adequately by one-dimensional frustrated Heisenberg chains [1] [2] [3] [4] . In the dimerized phase, many features were shown to be consistent within an adiabatic description of the phonon degrees of freedom. This observation comprises zero temperature [5] [6] [7] [8] as well as thermodynamic properties [2, 4] .
Even in one space dimension only a few exact results exist, particularly concerning thermodynamics. For integrable systems the thermodynamical potentials and asymptotic behaviour of correlation functions are known. A notorious problem is posed by response functions and non-integrable systems in general. With respect to this, the recently developed transfer matrix DMRG (TMRG) [9] [10] [11] on the basis of transfer matrices [12] provides a very powerful method to calculate thermodynamic quantities of spin chains without any use of perturbative methods. This has been demonstrated in several a e-mail: kluemper@fkt.physik.uni-dortmund.de applications [4, 11, [13] [14] [15] [16] [17] . The first description of the spin-Peierls transition and thermodynamics beyond a continuum limit was given in [2] on the basis of exact diagonalization. The present TMRG method allows for a systematic enhancement with respect to finite size effects for the important low temperature regime [4] .
In this paper we study the influence of microscopic coupling constants on the spin-Peierls transition temperature. This allows for an understanding of the considerable pressure dependence of the phase diagram along the following line of reasoning. It is known that external pressure affects the magnetic properties of CuGeO 3 considerably [3, 18, 19] . Fits for the magnetic susceptibility yield the change of the nearest-neighbour spin interaction J and estimates for the frustration parameter α. Using these data for J as function of pressure we are able to explain the observed increase of the spin-Peierls temperature and estimate the pressure dependence of the next-nearestneighbour exchange.
The outline of the paper is as follows. In Section 2 we present the model and a motivation for our description of the experimentally studied spin-Peierls systems. We study the static dimerization susceptibility in Section 3. Section 4 is devoted to the computation of the critical temperature as a function of the spin exchange couplings and external pressure, respectively. We give a comparison of our results with experimental measurements. In Section 5 we investigate the spectral gap and its ratio to the spinPeierls temperature. The conclusion is given in Section 6.
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Model
In the inorganic spin-Peierls compound CuGeO 3 the magnetic interactions are attributed to Heisenberg spin exchange. There is numerous evidence that in addition to the nearest-neighbour interaction (J) a next-nearestneighbour exchange J = αJ [1-3] with α = 0.35 has to be taken into account. Usually the constant α is referred to as frustration parameter.
At the spin-Peierls temperature the system undergoes a structural phase transition driven by the quantum spin system coupled to the phonons. The spin-phonon coupling is modelled by spin exchange integrals depending linearly on the local displacements. The adiabatic treatment yields a quantum spin system coupled to just one phonon mode with the commonly used Hamiltonian
where S i are spin 1/2 operators, δ i = (−1) i δ denotes the modulation of the magnetic exchange couplings in the dimerized phase. Here, we restrict ourselves to vanishing external magnetic field where the system shows a phase transition from the uniform (U), i.e. δ = 0, to the dimerized (D) phase (δ > 0). The elastic energy can be expressed in terms of microscopic constants rendering (1) equivalent to an RPA treatment of the phonon propagator for the full spin-phonon system. Within RPA the condition for the phase transition is identical to that for (1) as formulated in (4) below if K is adjusted to the following value [20]
The sum runs over the spin-Peierls active modes. For each mode i, M i denotes the effective mass of the unit cell, Ω i the frequency of the spin-Peierls active phonon and λ i the spin-phonon coupling constant. In particular, K is proportional to J 2 . The constant C contains only the microscopic parameters of the underlying lattice.
Our numerical investigations do not improve over those of CF [21] with respect to the RPA treatment. However, within the RPA approximation we deal with the complete dynamics of the quantum spin system. Note that in reference [21] a continuum description of the spin system was used with a subsequent bosonization treatment which is believed to capture only the long distance asymptotics of the correlation functions.
Response functions
The static dimerization susceptibility of the spin system is defined by where x = T /J, and f α (x, δ) is the free energy per site for system (1) with fixed dimerization δ, frustration α and K set to zero. The response function A is nothing but the correlation of the nearest neighbour spin exchange S i S i+1 (dimer operator) at momentum q = π and energy ω = 0. The U/D phase transition takes place for
For details the reader is referred to [4] . Let us now review the results obtained by CF. Within the bosonization approach they find xA α=0 (x) = χ 0 with χ 0 ≈ 0.26. As a direct consequence by use of the inversion of (4),
this yields dT SP /dJ = 0. Of course, this is also clear from the fact that the energy scale of the spin system completely drops out due to scale invariance. Figure 1 shows a comparison of our TMRG results 1 for the function xA α (x) for various values of α with the findings of CF and exact data for free fermions. The enormous progress achieved by the numerical analysis is the correct treatment of the spin system on the lattice at practically all length scales. This improves over the continuum limit approach in which the asymptotics of correlation functions is incorrectly extended to short distances. For the unfrustrated Heisenberg model, i.e. α = 0, we are able to observe directly the deviations between the continuum limit and a lattice treatment of the spin degrees of freedom.
With respect to CuGeO 3 we fix J by the requirement that the experimental magnetic susceptibility equals
